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ORIGINAL RESEARCH PROPOSAL SUMMARY
STATEMENT OF WORK

In this proposal I will develop Silicon optically active components (such as
tunable filters, switches and modulators) and, in particular, an afl-optical transistor. One
could then envision an all-optical CMOS compatible chlp, where all of the devices
would be monolithically grown on-chip.

I intend to provide Silicon with optoelectronic capabilities using photonic
crystals. Photonic crystals can enhance light-matter interaction, enhancing the free
carrier injection effect on the Silicon index of refraction, by orders of magnitude.

The first stage of the work will be to achieve a low-loss Si waveguiding
platform. The main focus will in achieving single mode waveguides with low
propagation losses (<1dB/cm). This stage will consist in designing, fabricating and
characterizing the structures. The second stage of the work will be to achieve a nm-size
strong light confining structure. This will be done by designing a planar Si
microcavity, fabricating and characterizing the structure. The focus here will be given in
achieving high Q (100-1000) structures. The third stage of the work will be to build the
final all-optical transistor. This will require the demonstration of tuning of a
microcavity spectral response with optical pumping, followed by the design and
fabrication of the optical transistor. The fourth and final stage will consist in
characterizing the transistor. This will consist of pump-probe experiments to determine
switching speed, degree of switching and required pump intensity. An additional
optional stage will consist in achieving an all-optical transistor for both pump and probe
operating at 15 microns, this is extremely important for all-optical computing and signal
processing. This stage will consist of Z-scan measurements on a Si microcavity.

DELIVERABLES

The results of this research will open the door to a new field, where manipulation
of light on a Silicon chip is possible and will provide the basic building block for an all-
optical CMOS chip. The deliverable physical devices of this research are:

e Strong light confining Si planar cavity

The structure will be scalable with wavelength. Such a cavity is extremely

important for any applications that require strong light intensity operation, such as

lasers, amplifiers, etc. The expected degree of light confinement Q is between 100

and 1000. The total length of the structure is between 10 and 100pum, while the

cavity is 10-100nm long.
o A Si all-optical transistor
Operating at 1.5um. Total switching capability with psec time response is
expected. The total length of the structure is between 10 and 100um. The
relationship between the different parameters such as photonic crystal geometry,
pumping intensity, wavelength of operation and switching speed will be given, so
that the device can be scalable with wavelength and used for different speed and
pump intensity requirements.
As a result of this research I expect to achieve a better understanding of:
o Silicon optical processes such as the dynamics of free carrier injection and
its effect on the index of refraction



Physical processes in strong light confinement in photonic crystals and
their effect on enhancing light-matter interaction

Critical nanofabrication processes for achieving high quality photonic
structures

All of the results of the research will be disseminated through scientific publications



TECHNICAL REPORT

External control of light on Silicon for switching and modulating

We have done work on both electro-optical and all-optical modulators and switches.
Both devices are based on free carrier injection for modulating the index of refraction of

Silicon. The work on the electro-optical switches, demonstrating the benefits f using

highly confined structure for enhancing the effect of the index modulation, enabled the
all-optical devices.

Below | describe Silicon structures for chip-scale modulators and swntches
Modulators usually encode signals, while switches route signals. The difference between
modulators and switches in the context of the proposed research lies in the speed,
modulation depth and geometry. For switches, high modulation depth is crucial and
usually devices with at least three ports are necessary. For modulators, high speed is
crucial and devices with two ports are usually sufficient. In this section I describe the
building blocks common for both switching and modulating.

Electro-optic devices

To date most of the work done on active devices on Silicon is based on MEMS (Micro-
electro-mechanical systems) technology. One of the main drawbacks with MEMS is
their slow response, with switching speeds of about 1-100 ms. Optical modulation can
also be done using the thermo-optic effect in Silicon. The thermo-optic coefficient for
silicon is typically 3 times greater than in classical thermo-optical materials and 8 times
greater than in silica-based materials. The effect, however, is rather slow and can only be
used for up to | MHz modulation frequencies [Error! Qleference source not found.].

Year Author Electrical | Optical structure M (%) J Power t Length Dem./Prop.
structure (kAIcmz) (mW) ng (um)
1987 | Lorenzo et al. [2] p-i-n Cross switch 50 1.26 - - 2000 D
1989 | Hemenway etal. [3] | p-i-n Mach-Zehnder 30 100.0 - 18 v.d. D
1991 | Treyzetal. [4) p-i-n FCAM 75 3.0 - 50 500 D
1991 | Treyzetal 5] p-i-n | Mach-Zehnder 65 . 1.6 - <50 500 D
1991 | Xiao et al. [6] p-i-n F-P 10 6.0 - 25 v.d. D
1994 | Liuetal. [7] p-i-n Y-switch >90 9.0 - 200 800 D
1994 | Liuetal. [8] p-i-n TIR-switch >90 12.5 - 100 200 D
1995 | Zhao et al. [9] p-i-n Mach-Zehnder 98 - - 200 816 D
1995 | Liuetal. {10} p-i-n F-P 80 - - - 20.9 P
1996 | Zhaoetal [11} p-i-n ZGDC 97.2 1.027 123.7 210 1103 D
1997 | Cutolo et al. [12] p-i-n Bragg reflector 50 - 4 24.7 3200 P
1997 | Cutolo et al. [13] BMFET | FCAM 20 23 126 6 1000 P
1997 | Zhao et al. [14] p-i-n TIR >88 8.8 - 110 190 D
2001 | Coppolaetal. [15] p-i-n Bragg reflector 94 - 0.3 5 3200 P
2003 | Sciutoetal. {16] BMFET | FCAM 75 - 160 - 400 D
2003 | Barriosetal. [17] p-i-n F-P 80 0.116 0.025 21 20 P
2003 | Barrios et al. [18] p-i-n F-P 80 0.61 0.014 1.3 10 P

Table 1. All-silicon electro-optic modulators reported in the literature (BMFET=Bipolar Mode Field-Effect
Transistor; FCAM=Free Carrier Absorption Modulator; F-P=Fabry-Perot; TIR=Total Internal Reflection;
ZGDC=Zero Gap Directional Coupler; M=amplitude modulation depth; J=current density; t=switching
time; v.d.='vertical device: Dem.(D)=demonstrated; Prop.(P)=proposed).

An approach for faster modulation on Si is the electrical modulation of the refractive

index in a specific region of planar optical devices such as Mach-Zehnder modulators,

total-internal-reflection (TIR)-based structures, cross-switches, Y-switches and Fabry-



Perot (F-P) resonators (see Table 1). The absence of mechanical elements in these
devices makes them more reliable than MEMS. Table I shows that most of the listed
devices present common features: long interaction distance and high injection current
densities and power consumption in order to obtain a useful modulation depth. Most of
the previously proposed Si electro-optic (E-O) switches, however, are long and require
high drive powers. Such length and power requirements impose difficulties in integrating
these devices on chip. There is therefore an urgent need for structures that can be
implemented in a micron-size region offering low current density, low power
consumption and high —-modulation depth.

In [17] we consider a 1-D microcavity embedded in a ridge waveguide for optical
switching. Highly confined optical microcavities enable the confinement and
enhancement of the optical field in a very small region. The transmission of these

Light out

Bragg
reflector

BOX layer-
)
Light in
Fig. 1. 1-D microcavity in a Silicon ridge Fig. 2. SEM of the structure on the left

waveguide

structures is highly sensitive to small index changes in the cavity, making them adequate
for intensity modulation applications in a short length [18]. In addition, since the
refractive index modulation can be confined to the cavity region, the electrical power to
produce the desired phase change can be made very small. Fig. 1 shows a perspective
schematic of the electro-optic modulator. For illustration purposes, the trenches down to
the buried oxide (BOX) layer are drawn as empty. In our simulations these are assumed
to be completely filled with SiO,. The device consists of a F-P cavity formed by two
DBRs in a SOI rib waveguide. Both DBRs consist of the same number of Si/SiO,
periods down to the BOX layer. Two lateral trenches down to the BOX layer are on both
sides of the rib for carrier confinement, in the region where the optical field is confined as
well. Heavily doped p* and n" regions are defined in the cavity region, at both sides of
the rib, Metal electrodes contact both the p* (anode) and n* (cathode) regions. Fig. 2
shows a fabricated device of the passive microcavity structure (no electrical contact). Our
calculations show that a 20 um long device is predicted to exhibit ~80% of modulation
depth at 1.55 um operation wavelength by using only ~25 uW of electrical power and a
drive current density of 116 Alcm?, leading to an increase of the device temperature <107
K. The switching speed of this device is calculated to be ~16 ns, with no significant
thermo-optic effect. The estimated dc power consumption for this device is at least one
order of magnitude smaller than the smallest reported (theoretical) value [28]. These
characteristics reveal the benefits of confining both the optical field and the injection
carriers in the cavity region in order to improve the electro-optic modulator performance



in terms of power consumption, current density, device length, and modulation depth.
These results show the principle of strong optical and electrical confinement for electro-
optical switching with ultra-low power in a micron-size Si structure.

The principle of strong confinement of light and carriers, demonstrated in these
results, will enable novel devices for electro-optic switches as well as modulators. The
devices could include for example four port devices and devices based on embedded
waveguides. Devices with different confinement levels, power dissipation and bandwidth
could be tailored for different functionalities.

All-optical switching on a Si chip

All optical switching, i.e., controlling a probe beam with a pump beam, has been one
of the holy grails in the area of photonics. It could open the door to ultra-fast circuits free
“of optic-to-electronic conversation, a main source of speed limitation in electro-optic
devices. All-optical switching has been demonstrated in compound semiconductors [33].
In Silicon, however, ultra-fast all-optical switching has been demonstrated only for
vertical structures using very high pumping powers with modest signal modulations [34-
22].

In [23,24] we demonstrated all-optical modulation on a Si sub-micron-size planar
structure. The modulator is based on a highly confining ring resonator. The advantage of
the ring resonators is that a small change of index of refraction is sufficient for
completely detuning the resonance. For a ring resonator of 10um, an index change as
small as 107 is sufficient to tune the resonance by 1 nm. We study ring resonators
coupled to single waveguides (see Fig. 3). These ring resonators transmit signals with
wavelengths that do not correspond to the resonances of the ring (see Fig. 4). The
resonances of the ring can be tuned by modifying the index of refraction of the ring (or
part of the ring) and therefore a modulation of the signal transmitted through the ring
resonator can be achieved (see Fig. 5). :
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Fig. 3. Scanning electron micrograph of a detail of 10 pm Fig. 4. Measured spectrum of the 10 um ring-
diameter ring coupled to the waveguide. Inset shows the resonator seen in Fig.3.

whole ring structure (scale bar applies to inset).

Figure 3 shows a 10 um diameter ring resonator. The inset shows the whole ring
structure. The figure shows a zoom in of part of the ring coupled to the waveguide. The
devices were patterned by electron-beam lithography and subsequently etched by ICP-
RIE following the same process and simultaneously with the nano-taper coupler




described earlier. The spectral response of the fabricated device is shown in Fig. 4. One
can see that the Q of the cavity is extremely high, demonstrating strong light confining in
the structure, which in turn signifies strong dependence on the index of refraction of the
ring.

Transmission Transmission
ON OFF
= _ : . vl?ump E
Probe - y
Probe
Probe Wavelength Probe Wavelength

Fig. 5. Typical spectra of a switch in an ON and OFF state

In [23] a Titanium:Sapphire femtosecond laser is used to generate 120 fs pulses at Ajaser =
800 nm with 1.5 nJ energy and 80 MHz repetition rate. The femtosecond laser pulse is
converted into the pump pulse at Apymp = 400 nm through second-harmonic generation
using a Beta-Barium-Borate (BBO) non-linear crystal. The pump pulse is focused onto
the single-coupled Si ring resonators. The pump pulse energy is less than 120 pJ at the
ring resonator plane, which corresponds to an average optical pump power of less than 10
mW. A probe CW beam is focused into the waveguide, which is coupled to the ring
resonator and collected by a 5 GHz photodetector with nominal fall/rise times of about 70
ps.

In [24] two-photon absorption is used to generate the free carrier. In contrast to [23], both -
pump and probe beams are in the 1.5micron spectral range, and are both coupled in-
plane. In [24] the laser source for the pump is a tunable mode-locked optical parametric
oscillator (ORO), which in turn is pumped by a Ti:sapphire picosecond laser at a 78-MHz
repetition rate. The OPO generates 1.5-ps pulses that pass through a Fabry-Perot tunable
filter in order to produce the pump beam, which comprises 10-ps pulses with energy of
less than 25-pJ coupled to the silicon waveguide input. A tunable continuous-wave laser
provides the probe signal. Both pump and probe beams are set to be linearly polarized
(quasi-TM) by use of independent polarization controllers. The pump and probe beams
are combined by directional couplers and coupled into the silicon waveguide by an
external tapered-lensed fiber and an on-chip fiber-to-waveguide nanotaper couplerl?.
The transmitted probe signal is coupled into a collimator and separated from the
transmitted pump light through a band-pass tunable grating filter. The probe signal is
detected by a high-speed DC-12GHz photodetector with a nominal fall/rise time of 30 ps.
A 20-GHz digital sampling oscilloscope is used to record the probe signal.

The temporal response of the transmitted probe signals in [23] are shown in Fig. 6 for
two distinct probe wavelengths: Ayope = 1,554.6 nm (below resonance) and Aprope =
1,555.5 nm (on resonance). Similar results were obtained in [24]. The measured
modulation depth (MD) is defined as MD = ( Inax - Imin ) | Imax , Where Inax and Iy, are,
respectively; the maximum and minimum probe optical power signal for a fixed
wavelength. The modulation depth is about 75% for Aprese = 1,554.6 nm and 97% for
Aprobe = 1,555.5 nm. The measured modulation depth is limited only by the photodetector
response time. For a photodetector with a response time of less than 20 ps, one should




expect to measure modulation depths of nearly 100% at both probe wavelengths.

By assuming an instantaneous spectral shift of the spectrum, followed by a simple
exponential decay representing the free-carrier relaxation time, a wavelength peak shift of
A4 =-1.1 nm and a relaxation time of 7 = 450 ps is btained. This relaxation time, much
shorter than the bulk Si free-carrier lifetime, is not fundamental, and is due to fast
recombination mechanisms on the unpassivated sidewalls of the structures. By
manipulating the degree of surface passivation or by using ion implantation, the free-
carrier lifetime could be further decreased. The wavelength peak shift of the ring
resonator corresponds to an effective index change of Angy=-1.45-1 0%, or equivalently to
a refractive index change in the silicon core of dns; = ~1.6-107. This refractive index
change is caused by a free-carrier concentration of AN = AP = 4.8-1 0'” cm™. Considering
the physical dimensions of the ring resonator, the optical pulse energy that needs to be
absorbed by the ring resonator in order to excite such a free-carrier concentration is
estimated to be of only 0.9 pJ. The losses due to absorptions, estimated from free-carrier
concentration are A = 6.9 cm’', significantly lower than the estimated scattering losses
in the ring resonator of @ying = 33.6 cm™ . The relative low absorption losses indicate that
the observed modulation is due only to a refractive index change and that thermal effects
can be neglected. This is of foremost importance for the application of the proposed
device as an all-optical gate, enabling near 100% transmission of the data signal once the
gate is open. _ ‘

These results form the basis for novel devices for all-optical Si modulators and
switches, enabling entirely novel architectures on chip. Devices confining both pump and
probe with different confinement levels would enable different functionalities. One could
envision for example the pump light, externally coupled to the chip, being guided in
SiO-/air waveguides for modulating Si devices in specific locations on the chip.
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Fig. 6. Temporal response of the probe signal to the pump excitation showing transmission for probe
wavelengths below resonance (solid line) and on resonance (dotted line).

Conclusion
Our recent results using sub-micron size highly confining structures in Si show the
feasibility of switching and coupling light on-chip. These results form the building blocks



for all-optical circuits, where passive as well as active components could be integrated on
a single chip. The demonstrated devices could form the basis for new on-chip and chip-to
chip architectures for low power and high bandwidth applications.

Reference:

2

G. Cocorullo, M. lodice and 1. Rendina, “All-silicon Fabry-Perot modulator based
on the termo-optic effect,” Optics Letters, vol. 19, no.6, p.420, 19%4.
J.P. Lorenzo and R.A. Soref, “1.3 um electro-optic silicon switch,” Appl. Phys.

~ Lett., 51(1), p.6, 1987.

3

10

11

14

B.R. Hemenway, O. Solgaard, and D.M. Bloom, “All-silicon integrated optical
modulator for 1.3 pm fiber-optic interconnects,” Appl. Phys. Lett. 55(4), p. 349,
1989.

G.V. Treyz, P.G. May and J.-M. Halbout “Silicon optical modulators at 1.3 um
based on free-carrier absorption,” IEEE Electron Dev. Lett., vol 12, no. 6, p. 276,
1991

G.V. Treyz, P.G. May, and J.-M. Halbout, “Silicon Mach-Zehnder waveguide
interferometers based on the plasma dispersion effect,” Appl. Phys. Lett., 59 (7),
p.771, 1991.

X. Xiao, J.C. Sturm, K.K. Goel, and P.V. Schwartz, “Fabry-Perot Optical
Intensity Modulator at 1.3 um in Silicon,” IEEE Photon. Technol Lett., vol.3 no.
3. p.230, 1991.

Y.L. Liu, EK. Liu, S.L. Zhang, G.Z. Li and J.S. Luo, “Silicon 1x2 digital optical
switch using plasma dispersion,” Electron. Lett. Vol.30, no. 2, p.130, 1994.

Y. Liu, E. Liu, G. Li, S. Zhang, J. Luo, F. Zbpu, M. Cheng, B. Li, and H. Ge,
“Novel silicon waveguide switch based on total internal reflection,” Appl. Phys.
Lett., 64 (16), p. 2079, 1994. ‘ '

C.Z. Zhao, G.Z. Li, EX. Liu, Y. Gao, and X.D. Liu, “Silicon on insulator Mach-
Zehnder waveguide interferometers operating at 1.3 pum,” Appl. Phys. Lett,
67(17), p.2448, 1995. “
M.Y. Liu and S. Chou, “High-modulation-depth and short-cavity-length silicon
Fabry-Perot modulator with two grating Bragg reflectors,” Appl. Phys. Lett 68
(2), p.170, 1995.

C.Z. Zhao, EK. Liu, G.Z. Li, Y. Gao, and C.S. Guo, “Zero-gap directional
coupler switch integrated into a silicon-on-insulator for 1.3-pum operation,” Optics
Lett., vol.21, no.20, p.1664, 1996.

A. Cutolo, M. lodice, A. Irace, P. Spirito, and L. Zeni, “An electrically controlled
Bragg reflector integrated in a rib silicon on insulator waveguide,” Appl. Phys.
Lett., 71 (2), p.199, 1997.

A. Cutolo, M. lodice, P. Spirito, and L. Zeni, “Silicon electro-optic modulator
based on a three terminal device integrated in a low-loss single-mode SOI
waveguide,” J. Lightwave Technol., vol. 15, no. 3, p. 505, 1997.

C.Z. Zhao, A.H. Chen, E.K. Liu, and G.Z. Li, “Silicon-on-insulator asymmetric
optical switch based on total internal reflection,” IEEE Photon. Technol. Lett.,
vol. 9, no.8, p.1113, 1997.




15
]6
17
18
19
20

21

22
23

24

G. Coppola, A. Irace, M. Iodice, and A. Cutolo, “Simulation and analysis of a
high-efficiency silicon optoelectronic modulator based on a Bragg mirror,” Opt.
Eng. 40(6), 1076-1081 (2001).

A. Sciuto, S. Libertino, A. Alessandria, S. Coffa, and G. Coppola, “Design,
fabrication, and testing of an integrated Si-based light modulator,” J. Lightwave
Technol., vol. 21, no. 1, p. 228, 2003.

C. Angulo Barrios, V. Almeida, and M. Lipson, “Low-power-consumption short-
length and high-modulation-depth silicon electrooptic modulator,” J. Lightwave
Technol. vol 21, no.4, p.1089, April 2003

Barrios, C. A., Almeida, V. R., Panepucci, R. R., and M. Lipson, “Electro-optic
Modulation of Silicon-on-insulator Submicron-size Waveguide Devices”, IEEE
Journal of Lightwave Technologies, 21, p. 2332, 2003. , '
Nan Chi ; Jianfeng Zhang ; Holm-Nielsen, P.V. ; Lin Xu ; Monroy, LT. ;
Peucheret, C. ; Yvind, K. ; Christiansen, L.J. ; Jeppesen, P. ,“Experimental
demonstration of cascaded transmission and all-optical label swapping of
orthogonal IM/FSK labelled signal”, Electronics Letters 39, no. 8, (2003) : 676-8
Hache, A. ; Bourgeois, M. Ultrafast all-optical switching in a silicon-based
photonic crystal, Applied Physics Letters 77, no. 25, (18 Dec. 2000) : 4089-91
Dinu, M. ; Quochi, F. ; Garcia, H. Third-order nonlinearities in silicon at telecom
wavelengths, Applied Physics Letters 82, no. 18, (5 May 2003) : 2954-6

Liu, Y.M. ; Xiao, X. ; Prucnal, P.R. ; Sturm, J.C. , All-optical switching in an
asymmetric silicon Fabry-Perot etalon based on the free-carrier plasma effect,
Applied Optics 33, no. 18, (20 June 1994) : 3871-4 _

Almeida, V. R., Barrios, C. A., Panepucci, R. R., Lipson, M., Foster, M.A.,
Quzounov, D. G., and A. L. Gaeta, “All-optical switching on a silicon chip”,
Optics Letters 29 (Dec. 2004)

Almeida, V. R., Barrios, C. A., Panepucci, R. R, Lipson, M., “All-Optical
control of light on a Silicon chip”, Nature, pp1081-1084 (Oct 2004)




PARTICIPANTS

The following personnel have participated and were funded by the project:

Principal investigator
Michal Lipson, Assistant professor, School of Electrical and computer Engineering,
Cornell University '

Postdoctoral associates
Sameer Pradhan, postdoctoral associate, School of Electrical and computer Engineering,
Cornell University

Roberto Panepucci, postdoctoral associate, School of Electrical and computer
Engineering, Cornell University

REFEREED PUBLICATIONS

I. Almeida, V. R., Barrios, C. A., Panepucci, R. R., Lipson, M., “All-Optical control
of light on a Silicon chip”, Nature, pp1081-1084 (Oct 2004) :

Abstract

Photonic circuits in which beams of light redirect the flow of other beams of light, are a
long-standing goal for developing highly integrated optical communication components.
Ideally, circuits based on optical interconnects would be constructed using sub-micron-
size devices in which photons are manipulated in a manner similar to the way electrons
are manipulated in a semiconductor circuit. Furthermore, it is highly desirable to use
silicon - the dominant material in the microelectronic industry - as the platform for these
photonic chips. All-optical control of light on silicon is challenging due to its relatively
weak non-linear optical properties. Here we present the first experimental demonstration
of fast all-optical switching on silicon using highly light-confining structures to enhance
the sensitivity of light to small changes in refractive index. The transmission of the
structure can be modulated by up to 94% in less than 500 ps using light pulses with
energies as low as 25 pJ. These results confirm the recent theoretical prediction by
Barrios et al. of efficient optical switching in silicon using resonant structuresl.

2. Almeida, V. R, Barrios, C. A., Panepucci, R. R,, Lipson, M., Foster, M.A.,
Quzounov, D. G., and A. L. Gaeta, “All-optical switching on a silicon chip”, Optics
Letters 29 (Dec. 2004)

Abstract

We present an experimental demonstration of fast all-optical switching on a silicon
photonic integrated device by employing a strong light-confinement structure to enhance
sensitivity to small changes in the refractive index. By use of a control light pulse with



energy as low as 40 pJ, the optical transmission of the structure is modulated by more
than 97% with a time response of 450 ps. '

3. C. Angulo Barrios, V. R. Almeida, R. R. Panepucci, B. S. Schmidt, and M.Lipson,
"Compact Silicon Tunable Fabry-Pérot Resonator With Low Power Consumption”,
IEEE Photonics Technology Letters, VOL 16, pp. 506, Nov. 2004

Abstract

We demonstrate a 20- m-long tunable optical resonator integrated on a silicon-on-
insulator waveguide. The microresonator consists of a planar Fabry-Pérot microcavity
defined by deep Si/SiO2 Bragg reflectors with a high finesse of 11.2. The device is
electrically driven and shows a modulation depth as high as 53% for a power
consumption of only 20 mW.

4. Barrios, C.A., Almeida, V. R., and M. Lipson, “Low-Power-Consumption Short-
Length and High-Modulation-Depth Silicon Electro-Optic Modulator”, IEEE Journal
of Lightwave Technologies, Vol. 21, no.4, p.1089, April, 2003.

Abstract

In this paper, we propose and analyze a novel compact electro-optic modulator on a
silicon-on-insulator (SOI) rib waveguide. The device confines both optical field and
charge carriers in a micron-size region. The optical field is confined by using a planar
Fabry-Perot microcavity with deep Si/SiO2 Bragg reflectors. Carriers are laterally
confined in the cavity region by employing deep etched trenches. The refractive index
of the cavity is varied by using the free-carrier dispersion effect produced by a p-i-n
"diode. The device has been designed and analyzed using electrical and optical
simulations. Our calculations predict, for a 20-pm-long device, a modulation depth
around 80% and a transmittance of 86% at an operating wavelength of 1.55 pm by using
an electrical power under dc conditions on the order of 25 pW.
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Low-Power-Consumptioh Short-Length
and High-Modulation-Depth Silicon
Electrooptic Modulator

Carlos Angulo Barrios, Vilson Rosa de Almeida, and Michal Lipson

Abstract—In this paper, we propose and analyze a novel
compact electrooptic modulator on a silicon-on-insulator (SOI)
rib waveguide. The device confines both optical field and charge
carriers in a micron-size region. The optical field is confined by
using a planar Fabry-Pérot microcavity with deep Si/SiOz Bragg
reflectors. Carriers are laterally confined in the cavity region by
employing deep-etched trenches. The refractive index of the cavity
is varied by using the free-carrier dispersion effect produced by
a p-i-n diode. The device has been designed and analyzed using
electrical and optical simulations. Our calculations predict, for
a 20-um-long device, a modulation depth of around 80% and
a transmittance of 86% at an operating wavelength of 1.55 pm
by using an electrical power under dc conditions on the order of
25 uW.

Index Terms—Bragg reflector, device modeling, Fabry-Pérot
cavity, integrated optics, optical modulator, plasma dispersion
effect, silicon optoelectronics.

I. INTRODUCTION

ILICON-BASED photonic components working at 1.3-

and 1.55-pm fiber-optic communications wavelengths for
fiber-to-home interconnects and local area networks (LANSs)
are a subject of intensive research because of the possibility
of integrating optical elements and advanced electronics
together on a silicon substrate using bipolar or complementary
metal--oxide -semiconductor (CMOS) technology [1]. The re-
sulting optoelectronic integrated circuit (OEIC) should exhibit
a better performance than optical and electrical circuits do
when considered separately and present a significantly lower
cost than those based on III-V semiconductor materials.

Si passive structures, such as waveguides, couplers, and
filters have been extensively studied [2]-[4]. Less work has
been reported on Si active (or tunable) integrated devices,
such as modulators and switches, despite their importance as a
means of manipulating light beams for information processing
(c.g., coding-decoding, routing, multiplexing, timing, logic
operations, etc.) in integrated optic circuits. Some Si-based
thermooptic [5], {6] and electrooptic [7]-[20] active devices
have been demonstrated. In thermooptic devices, the refractive
index of Si is modulated by varying the temperature, inducing
a phase modulation which, in turn, is used to produce an
intensity modulation at the output of the device. For Si, the
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work was supported in part by the Alliance for Nanomedical Technologies, Air
Force Office of Scientific Research, and in part by the Defense Advanced Re-
scarch Project Agency under Contract No. F49620-02-1-0396.

The authors are with the School of Electrical and Computer Engineering, Cor-
nell University, Ithaca. NY 14853 USA.

Digital Object Identifier 10.1109/1LT.2003.810090

thermal change of the real optical refractive index is large [5].
Nevertheless, the thermooptic effect is rather slow and can

only be used at up to 1-MHz modulation frequencies [6]. For
higher modulation frequencies, up to a few hundred megahertz
electrooptic devices are required.

Most of the proposed electrooptic devices exploit the free
carrier dispersion effect [21] to change both the real refrac-
tive index and optical absorption coefficient. This is because
the unstrained pure crystalline Si does not exhibit linear elec-
trooptic (Pockels) effect, and the refractive-index changes due
to the Franz—Keldysh effect and Kerr effect are very weak. In
free-carrier absorption modulators (FCAM), changes in the op-
tical absorption of the structure are directly transformed into an
output intensity modulation {18]. Phase modulation in a specific
region of optical devices, such as Mach-Zehnder modulators,
total-internal-reflection (TTR)-based structures, cross switches,
Y switches and Fabry-Pérot (F-P) resonators, is also used to
modulate the output intensity [7]-[20].

Free-carrier concentration in electrooptic devices can be
varied by injection, accumulation, depletion, or inversion of
carriers. Si-based electrooptic modulators (EOMs) based on
p-i-n diodes, metal-oxide-semiconductor field-effect tran-
sistors (MOSFETs) and bipolar-mode field-effect transistor
(BMFET) structures have been proposed [7]-[20], [22], [23].
Table I shows a comparison of all-silicon electrooptic intensity
modulators and switches reported in the literature. Most of the
listed devices present some common features: they require long
interaction distances and injection current densities higher than
1 kA/cm? in order to obtain a significant modulation depth.
Long interaction lengths are undesirable in order to achieve
high levels of integration and miniaturization for fabricating
low-cost compact chips. High current densities may induce
thermooptic effect due to heating of the structure and cause an
opposite effect on the refractive-index change as that produced
by free-carrier dispersion, reducing its effectiveness. There is
therefore an urgent need, from the integration point of view,
for structures that can be implemented in a micron-size region
offering low current density, low power consumption, and high
modulation depth.

Microcavities allow for the confinement and enhancement of
the optical field in a very small region. The transmission of these
structures near their resonance is highly sensitive to small index
changes in the cavity, making microcavities adequate for inten-
sity modulation applications in a short length [15]. In addition,
since the refractive-index modulation can be confined to the
cavity region, the electrical power to produce the desired phase
change can be made very small.

0733-8724/03517.00 €% 2003 IEEE
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TABLE |
SILICON ELECTROOPTIC ACTIVE DEVICES REPORTED IN THE LITERATURE (FCAM=FREE-CARRIER ABSORPTION MODULATOR; F-P=FABRY-PEROT; TIR=TOTAL
INTERNAL REFLECTION; ZGDC=ZERO GAP DIRECTIONAL COUPLER; M=AMPLITUDE MODULATION DEPTH; J=CURRENT DENSITY; t,=SWITCHING TIME;
v.D.= VERTICAL DEVICE; DEM/(D)=DEMONSTRATED; PROP/(P)=PROPOSED)

Year Author Electrical Optical M J Power | t, Length | Dem./
structure structure (%) kA/em?) | (mW) (ns) (um) Prop.
1987 | Lorenzo etal. [7] | p-i-n Cross switch | 50 1.26 - - 2000 D
1989 | Hemenway et al. | p-i-n Mach- 30 100.0 - 18 v.d. D
[8] Zehnder . )
1991 | Treyz et al. [9] p-i-n FCAM 75 3.0 - 50 500 D
1991 | Treyz etal {10] p-i-n Mach- 65 1.6 .. | <50 500 D
Zehnder
1991 | Xiaoetal. [11] p-i-n | F-P 10 6.0 - 25 v.d. D
1994 | Liuetal. [12] p-i-n Y-switch >90 9.0 - 200 800 D
1994 | Liuetal. [13] p-i-n | TIR-switch | >90 12.5 - 100 200 D
1995 | Zhao et al. [14] p-i-n Mach- 98 - - 200 816 D
Zehnder
1995 | Liuetal. [15] p-i-n F-P 80 - - - 20.9 P
1996 | Zhao et al .[16) p-i-n ZGDC 97.2 1.027 123.7 | 210 1103 D
1997 | Cutolo et al. {17] | p-i-n Bragg 50 - 4 24.7 3200 P
: reflector
1997 | Cutolo et al. [18] | BMFET FCAM 20 23 126 6 1000 P
1997 | Zhaoetal. [19] p-i-n TIR >88 8.8 - 110 190 D
2001 | Coppolaetal. p-i-n Bragg 94 - 03 5 3200 P
[20] reflector :

Carrier confinement in the active region of the electrooptic
device is important in order to optimize the device performance.
For example, the use of lateral trench isolation in a silicon p-i-n
phase modulator has been predicted to improve both the dc and
transient device performances [24]. This is because the lateral
carrier diffusion that does not contribute to altering the refractive
index in the central active region of the modulator is reduced, al-
lowing a better use of the injected carriers. In addition, carrier
confinement permits high-scale integration due to electrical iso-
lation between neighbor devices.

We propose the use of the aforementioned advantages of mi-
crocavities (optical field confinement) and trench isolation (car-
rier confinement) in a planar silicon F-P cavity formed by high-
index-contrast Si/SiO distributed Bragg reflectors (DBRs) to
design a compact low-drive-power and high-modulation-depth
EOM in a silicon-on-insulator (SOT) ridge waveguide. The SOI
ridge waveguide allows implementing a lateral p-i-n diode in the
microcavity, and may exhibit optical losses less lhan 1.0 dB/cm
at 1.55-pm wavelength [25).

This paper has been divided into the following sections. Sec-
tion 1I describes the device structure. In Section III, the eltec-
trical and optical models used for the calculations are presented.
In Section 1V, results from the simulations are shown and dis-
cussed. This section is divided into electrical and optical char-
acteristics. The electrical analysis includes dc and transient per-
formance of the p-i-n/cavity configuration. The optical analysis
comprises both the optical mode characteristics and the trans-
mission properties of the device. Finally, a summary and con-
clusions are given in Section V.

II. DEVICE STRUCTURE

Fig. 1(a) and (b) shows a perspective and longitudinal-section
schematics, respectively, of the EOM. For illustration purposes,
the trenches down to the buried oxide (BOX) layer are drawn
as empty in Fig. 1(a). In our simulations, these are assumed to

be completely filled with SiOa. The device consists of an F-P
cavity formed by two DBRs in an SOI rib waveguide. The top
silicon layer (device layer) is 1.5-pm- hlgh (ha) with an n-type
background doping concentration of 10'®* ¢m~3. Both DBRs
consist of the same number of Si/SiO; periods down to the BOX
layer. The length of the Si and SiO, regions is denoted as Lg;
and L, respectively. Fig. 2 shows a schematic diagram of the
cavity region. As in Fig. 1(a), the trenches are drawn as unfilled
for better visualization. The rib width and height are chosen to
be weip = 1.5 umand hyp = 0.45 pm, respectively. Two lateral
trenches down to the BOX layer are assumed to be on both sides
of the rib with a width of w¢, = 150 nm. The width of the cavity
region delimited by the lateral trenches is Wy,;,. Heavily doped
p* and n¥ regions are defined in the cavity region, at both sides
of the rib, separated we, = 0.5 pm from the corresponding
rib edge and extended to the corresponding lateral trench. A
Gaussian doping profile is assumed for both hlghlg doped re-
gions with a maximum peak concentration of 10%° at
y = [(ha = hrin) — 0.01 pm] = 1.04 pm, located along a line
from z = (Wpin/2) to £ = [(wrib/2) + wsep| for one doped
region and from 2z = —(Wpin/2) to 2 = —[(wrib/2) + Wsep)
for the other one, and a standard deviation along the y axis of
0.05 um. Atz > ~[(wrin/2) + wsep) for one doped region and
< [(wrin/2) +1uscp] for the other one, the doping drops off lat-
erally (along the = axis) with a standard deviation of 0.035 um:
The length of the highly doped regions is equal to that of the
cavity (Leav ). Metal electrodes contact both the p* (anode) and
nt (cathode) regions with the same width and length as those.
A planar silicon dioxide layer covering the whole structure has
been assumed.

ITII. DEVICE MODEL

The electrooptic device was electrically and optically mod-
eled. An electrical model was used to study key parameters of
the p-i-n/cavity that determine the device performance, such as
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Fig. ). (a) Silicon electrooptic modulator based on a p-i-n electrical structure in a Fabry—Pérot microcavity with high-reflectivity Bragg reflectors integrated in a
single-mode SOI ridge waveguide. The output light is electrically controlled by a voltage generator (V). (b) Longitudinal cross section of the device.

free-carrier concentration and distribution in the cavity, injec-
tion current density, electrical power, and internal temperature
under dc and transient conditions. An optical model was em-
ployed to design and analyze the Bragg reflectors and the cavity
length in'terms of transmission, modulation depth, and optical
losses of the structure.

A. Electrical Model

A commercially available two-dimensional (2-D) and
three-dimensional (3-D) simulation package, ATLAS from
SILVACO [26], was employed to achieve the electrical cal-
culations. The suitability of this device modeling software
to analyze EOMs in SOI waveguides has been demonstrated
by other authors [24), [27]. This program simulates internal
physics and device characteristics of semiconductor devices by
solving Poisson’s equation and the charge continuity equations
for electrons and holes numerically. The software allows a
complete statistical approach (Fermi-Dirac statistics) when,

for example, heavily doped regions are considered. Carrier
recombination models include Shockley—Read-Hall (SRH)
recombination, Auger recombination, and surface recombi-
nation. A concentration— and temperature-dependent model
has been used to model the carrier mobility. The simulation
package also includes thermal modeling, which accounts for
Joule heating, heating and cooling due to carrier generation and
recombination, and the Peltier and Thomson effects. The heat
flow equation is solved for specific combinations of heat-sink
structures, thermal impedances, and ambient temperatures.

In our simulations, a carrier concentration-dependent SRH re-
combination model has been employed, with an estimated car-
rier lifetime in the Si device layer (intrinsic region) of electrons
and holes of 7, = 700 ns and 7, = 300 ns, respectively, for an
n-type doping concentration of 10*> cm=3 [18].

Ohmic contacts without additional contact resistance or ca-
pacitance have been assumed. In addition, the electrical contacts
(electrodes) were considered to act as thermal contacts (heat
sinks) at a fixed temperature of 300 K.
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Fig. 2. Schematic of the microcavity. A lateral p-i-n diode is formed by defining two highly doped n and p regions at each side of the ridge, respectively. Two

lateral trenches avoid carrier diffusion away from the cavity region.

B. Optical Model

We used the finite-difference time-domain (FDTD) method
[28] and transfer matrix method (TMM) [29] for the optical
analysis of the DBRs and F-P cavity. From the values of the
electron and hole concentrations at any point of the p-i-n/cavity
region, the induced real refractive index and optical absorption
coefficient variations (An and Aa, respectively) at a wave-
length of 1.55 pm produced by free-carrier dispersion (highly
doped regions and carrier injection in the cavity) are calculated
by using [30]

An =An, + An, =~ (88 x 10722 AN
+8.5 x 10718.(AP)*8] (1)
Aa =Aa, + Aoy, =85 x 10718 . AN

+6.0x107%. AP ¥))
where
Ane refractive-index change due to electron
concentration change;
Any, refractive-index change due to hole con-
centration change;
AN electron concentration change in cm~3;
AP hole concentration change in cm™3;
Aa,.(inem™?) absorption coefficient variations due to
‘ AN,
Ang(inem™!)  absorption coefficient variation due to
AP.

Diffraction losses and material optical absorption are calcu-
lated with the FDTD method. The fundamental mode of the
waveguide is launched at the input and the reflected (), and
transmitted (T°) powers are recorded by virtual detectors. Losses
(A) are obtained by using the relation R + T + A = 1. Scat-
tering losses, due to surface roughness, are neglected. We used a
one-dimensional (1-D) model (along the propagation direction)
based on the TMM to calculate the transmission and reflection
spectra of the structure. The effect of the transverse and lateral
geometry of the structure, the diffraction, and the absorption are
considered in our 1-D model by using an equivalent complex

_effective refractive index obtained from the 3-D FDTD calcula-

tions of the entire structure for a short cavity length (A,/2ns;,
where X, = 1.55 um and ng; is the effective refractive index
of the Si region). The purpose of using this technique is to sim-
plify the calculations by employing a flexible model that allows
predicting the optical performance of the device for different
design parameters in a shorter time. Calculations obtained by
using this FDTD-assisted TMM technique were in good agree-
ment with those obtained by employing exclusively the FDTD
method, which supports the suitability of our model.

_ IV. RESULTS AND DISCUSSION
A. Electrical Analysis

1) DC Characteristics: We found that both electron (V) and
hole (P) concentrations in the cavity region are nearly equal for
forward-bias voltages between 0.8 and 1.1 V, assuming a sur-
face recombination velocity of 10% cm/s at the interface between
the Si cavity and the surrounding SiOs. This surface recombi-
nation velocity may correspond to Si surfaces passivated with
thermally grown SiO, {31]. The p-i-n diode operates under high
injection condition within the considered forward-bias voltage
range. As expected from previous works on larger structures
[17], [271, the injected carrier distribution is highly uniform
throughout the central region of the cavity. This result simpli-
fies the optical calculations, since the spatial distribution of the
refractive index and absorption coefficient in the cavity when
carriers are injected in the guiding region can be considered uni-
form. A carrier concentration of N = P = 3 x 10'7 ¢cm™3
is predicted for a forward bias of 0.87 V, which induces a real
refractive-index change of An = —1073 [see (1)] and an ab-
sorption coefficient variation of Aa = 4.35 cm™? [see (2)].

Our simulations show that some of the injected free carriers
into the low-doped n-type Si layer spread laterally away from
the central guiding region as the distance between the lateral
trenches (Wpin) is increased, in agreement with previous
works [24]. This leads to a leakage current component that
increases the necessary dc power in order to obtain the targeted
carrier concentration (refractive-index change) in the central
guiding region. In particular, the dc power consumption for
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TABLE 1I
TOTAL CURRENT DENSITY (J), PERCENTAGE OF THE CURRENT COMPONENT DUE TO SURFACE RECOMBINATION (J,) TO THE TOTAL CURRENT (J), dc
ELECTRICAL POWER { P4, ). AND FREE-CARRIER CONCENTRATION (N, ) IN THE CENTRAL REGION OF THE CAVITY FOR THREE SURFACE RECOMBINATION

VELOCITIES AT THE Si/SiO; INTERFACES: (a) S, = S = 0;(b) S, = Sn =

10% cm/s; AND (¢) Sp = Sn = 10° cm/s. A FORWARD-BIAS

VOLTAGE OF 0.87 V AND A CAVITY LENGTH OF | sm ARE CONSIDERED

Sp, Sn (cm/s) J (A/em®) J/J (%) Pac(uW) N, P (em”)
0 83.33 0 1.14 3x10"7
10° 115.86 28.1 1.51 3x10"’
10° 5514.6 98.5 71.9 5x10"°

§,=5,=0
'lnu-?luu-nunuuuuunuuuuuuuuulnuum
§,=8,= 10" cms

4

10‘7_ .
§,=5,= 10° cmvs ]
s EEEE BB BB EBBE BB YN8 wwny

Carrier concentration {(cm™)

X electrons
O holes
10" r T -~ Y .
0.0 i 0.5 1.0 1.5
y (km)
Fig. 3. Free-carricr distribution along the y axis at + = 0 pm and

s = L.../2 for three different surface recombination velocities at the
SvSiO, cavity interface: (a) S, = S, = 0:(b) S, = S, = 10? co/s; and
(c) S, = S. = 10* cm/s. In all cases, a forward-bias voltage of 0.87 V is
considered.

Wyin equal to 4.5, 8, and 12 pum was calculated to be 0.81,
1.51, and 2.27 uW per micrometer length, respectively, for a
free-carrier concentration in the cavity of 3 x 10!7 cm~3. That
is, the dc power increases 180% when W,,;, is varied from 4.5
to 12 pm, indicating the need to confine carriers in the guiding
region in order to reduce the drive dc power. Hereafter, we
will assume a Wy, value of 8 pm as a compromise between
low power consumption and good optical properties [see Sec-
tion IV-B1)]. In the same way as occurs in the lateral direction
(.r axis), carriers may diffuse along the longitudinal direction
(z axis) if no carrier confinement means are accounted. By
using lateral and longitudinal trenches down to the BOX layer,
electrical isolation of the cavity is achieved along all directions,
leading to injection carrier confinement in the central guiding
region, suppressing the leakage current due to carrier spreading.

Fig. 3 shows the electron and hole distribution along the y
axis atx = 0 pum and z = L,,/2 for a forward-bias voltage
0f0.87 V and different surface recombination velocities (S, and
Sy, for holes and electrons, respectively). In case (a), no surface
recombination (S, = §,, = 0) is assumed; case (b) corresponds
to thermally grown SiO» (S, = S, = 10? cm/s); and case (c)
assumes no surface passivation (S, = S, = 10° cm/s). As
expected, it is observed that for case (a), the carrier distribution
is highly uniform. For case (b), the carrier distribution is not
significantly affected with respect to case (a). On the other hand,

for case (c), it is clear that the total carrier concentration has
decreased with respect to the previous cases and does not present
a uniform spatial distribution. Case (c) could correspond to a
Si/Si0, interface in which SiO has been placed by means
other than thermal growth, such as, for example, chemical vapor
deposition (CVD) or spin-on-glass (SOG) techniques.

Table I shows the drive current density (J), percentage of the
current component due to surface recombination (J ) to the total
current (J),dcpower ( Py.),and free-carrierconcentration(N, P)
in the central region of the cavity for the aforementioned surface
recombinationvelocities. Thecurrentdensityisdefinedasthetotal
injection current divided by the longitudinal cross-section area of
the cavity atthe middle (z = 0).Inallthe cases, a forward voltage
0f 0.87 V and a cavity length of 1 um are assumed.

As expected, it is seen that the injection current and electrical
powerincrease asthe surface recombination velocity is increased.
For case (b), the injection current component due to surface re-
combination (leakage current) represents 28.1% of the total cur-
rent, whereas this leakage componentreaches a significant 98.5%
of the total injected current for case (c). The dissipated power for
case (b) increases by 32.4%, as compared with case (a), as a con-
sequence of leakage current via surface recombination; neverthe-
less, the total drive poweriskeptto a low value. These results indi-
cate the importance of electrical passivation of the surfaces of the
p-i-n/cavity region in order to reduce the component of the total
current due to surface recombination and, therefore, the dc power
consumption. In addition, surface passivation by thermal SiO; is
also advantageous from the optical point of view, since it reduces
the scattering losses from the surface [32]. Hereafter, a surface re-
combination velocity of S, = S, = 10% cm/s will be assumed.
Forthiscase, thecalculatedincrease of the device temperature was
less than 10™2 K.

It must be noted that the effect of the contact resistance of the
electrodes on the total power is not significant for a forward in-
jection current of 1.74 pA/pum (V = 0.87 V) if proper contact
metallization is achieved. For example, if Co/Si contacts are as-
sumed on both electrodes, the corresponding contact resistance
values, afterarapidthermalannealing (RTA)process,onthehighly
doped n* and p* regions should be around 1.6 x 10~7 and 8.9 x
10~ 7 Qcm?, respectively [33]. This meansatotal series resistance
due to the contacts of 38.2 Q um, which leads to a negligible in-
crease of 1.1 x 107° W/pm in dc power consumption.

B. Transient Characteristics

We assumed an excitation voltage pulse with Vopp = 0V
(OFF state) and Von = 0.87 V (ON state) for the transient
analysis. The duration of both OFF and ON states is 300 ns,
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Fig. 4.

(a) Transient behavior of the refractive-index change in the cavity (An) fora voltage pulse with Von = 0.87 Vand Vore = 0 V. (b) Transient variation

of An for Von = 0.87 Vand Vorr = —5 V. In both cases, the voltage pulse is 300 ns long for both ON and OFF states with ramp and fall times of 0.1 ns,

whereas both the rise time and fall time for the voltage bias
step are 0.1 ns. Fig. 4(a) shows the excitation voltage pulse and
the calculated refractive-index modulation (An) in the cavity
due to free-carrier dispersion effect versus time. For the refrac-
tive-index modulation, we define the turn-on time (ton) as the
time required for the refractive-index change (An) to change
from 10% to 90% of its maximum absolute value (JAn|). Like-
wise, the turn-off time (topr) is defined as the time needed for
the refractive-index change to vary from 90% to 10% of its max-
imum absolute value. It is seen that the turn-on time is longer
than the turn-off time. The decrease of refractive index occurs
because of carrier injection (forward bias) by diffusion from

the highly doped regions into the intrinsic (low-doped) material.
This is because the characteristic length for diffusive transport in
the intrinsic regionl = (D,7eg)'/? = 5.2 um [D, = 18 cm?/s
is the ambipolar diffusion coefficient [9], and T (= tony =
15.27 ns) is the effective carrier lifetime in the intrinsic re-
gion] is comparable to the lateral dimension of our device. On
the other hand, the increase of refractive index results from
depletion of carriers in the central guiding region. Carrier re-
moval is achieved by both carrier recombination and the in-
creased electric field across the intrinsic region. A higher re-
verse Vopr would result in a shorter turn-off time, since the
depletion electric field is increased. This is seen in Fig. 4(b) for
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Fig. 5. Current and maximum device temperature transient response when the device is switched off from Vox = 0.87 V to Vorr = 0V (filled circles and

squares, respectively) and from Von = 0.87 Vto Vorr = —5 V (open circles and squares, respectively). The temperature of the thermal contacts (electrodes)
is 300 K.
Vorr = —5 V. The simulations reveal that both voltage rise rier depletion, for the turn-off time, should be pointed out as the

and fall processes lead to the appearance of current peaks for a
short time interval. In particular, a remarkable reverse current
peak occurs during the transition from Von to Vorr. Fig. 5
shows the transient current and maximum device temperature
during the stepping down of the applied voltage from Vox =
0.87 Vto Vopr = 0 V and ~5 V. In both cases, it is ob-
served that the transient reverse current peak (2 x 1073 and
1 x 1073 A/um for Vopr = =5 V and Vopr = 0V, respec-
tively) is around three orders of magnitude higher than the corre-
sponding steady-state current (1.74 4A /pum), and the maximum
current for Vopr = —5 V is twice higher than that reached for
Vorr = 0 V. The higher the reverse Vorr, the shorter becomes
the rise time and the larger the transient current peak. This leads
to an appreciable increase of the device temperature, around 1
K for Vopr = =5 V. For A = 1.55 um, the thermal change of
refractive index of silicon is dn/dT = +1.86 x 10~4 K~ [5].
That is, a maximum temperature increase of 1 K corresponds to
an increase of the refractive index of +1.86 x 104, which is one
order of magnitude smaller than that induced by the free-carrier
dispersion (An = —1073). Therefore, the thermooptic effect
for both Vorpr = 0 V and Vopp = —5 V is predicted to be not
significant.

Another factor that could limit the switching time of the de-
vice is the photon lifetime in the F-P cavity. The photon life-
time (7,,,) corresponds to the time for the stored energy in the
cavity to vanish after the external supply is shut off. However,
the photon lifetime values for the considered device configura-
tions [see Subsection 1V-B2)] are calculated to be on the order
of tens to hundreds of picoseconds, that is, much shorter than
the switching times obtained in the electrical transient anal-
ysis. Therefore carrier diffusion, for the tum-on time, and car-

switching speed limiting factors in the device under study.

It must be noted that a larger value of W,;, would increase the
switching time (£5) since the refractive index must be changed
(carrier injection and depletion) in a larger volume. For ex-
ample, the calculated t, for Wyin = 12 pm, Von = 0.87 V
and Vorr = —5 V is predicted to be 18.56 ns, that is, 17.7%
larger than that calculated for Wi,;, = 8 um.

C. Optical Analysis

1) Modal  Characteristics: Our  simulations  show
single-mode operation in the SOI rib waveguide for both
transverse electric (TE) and transverse magnetic (TM) po-
larization modes, for h;p = 0.45 pm, wyp = 1.5 pm,-and
hq = 1.5 um. The distance between the lateral trenches
Wpin = 8 um was chosen in order to minimize the optical
mode mismatch between the DBR and the cavity region, as
well as the power consumption and switching time. Fig. 6
shows the intensity profile of the propagating fundamental TE
mode (TEqp) for Wyin = 8 um. The overlap integral between
the TEgp mode in the cavity region and TEg; mode in the
DBR region was calculated to be 99.99%. Lower W,,;,, values
may lead to unstable single-mode operation. The free-carrier
absorption losses of the propagating mode due to the highly
doped p* and n regions were found to be negligible because
of the small overlap between these regions and the optical
mode. _

2) Transmission Characteristics: The lengths of the Si
and SiO, regions of the DBRs were chosen according to
the condition nsiLsi + NoxLox = Ap/2, where ng; and nox
are the effective refractive indexes of the Si and SiO, re-




1096

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 21, NO. 4, APRIL 2003

TE Mode Profile (m=0,n,,=3.428323)

2-
1 Si0,
-1
E ]
=
> _"Sl
0]
{ BOX layer
L LA S SULA SRR L B
8 6 -4 2

I.’ T 1T Tt 1T r1r T rryrir
o] 2 4 6 8
X (pmy)

Fig. 6. TEqo mode distribution in the cavity for Wi = 8 pm, heip, = 0.45 pm, weip = 1.5 pm, and hy = 1.5 pm.

gions, respectively, and A, = 1.55 pm. In particular, we chose
Lgi = 160 nmand L, = 150 nm, which lead to an optical path
nox Lox smaller than ns;Ls; in order to minimize diffraction
losses. The calculated reflectivity spectrum for the TEge mode
of a 6 Si/SiOq-period DBR indicated a stopband of ~800 nm
and a maximum reflectivity of 98.7% (transmittivity = 0.57%
and diffraction losses = 0.73%).
The modulation depth (M) is defined as

' Tmin  Porr — Pon
M=1- = 3
Tvax . Porr 3

~where Tyax(miny is the maximum(minimum) transmittivity,
i.e., the ratio between the output in the OFF(ON) state and the
input power Porr is the output optical power from the device
when there is no free-carrier injection (OFF condition), and Pon
is the output optical power from the modulator when plasma
injection occurs into the cavity (ON condition). Hereafter,
the maximum transmittivity will be called just transmitivitty
(T). The output optical power is calculated at A, = 1.55 um
(probe wavelength), which corresponds to a cavity resonance
wavelength in the OFF condition. Table Il shows the full-width
at half-maximum (FWHM) of the spectral intensity (AX)
of the resonance peak at 1.55 pm, modulation depth (M),
transmittivity (T°), and dc dissipated power (Fqy.) for different
cavity lengths and number of DBR periods. A refractive-index
change in the cavity of An = —1072 is assumed. It is seen
that 1) the modulation depth increases and 2) the transmittivity
decreases as the number of periods is increased for a given
cavity length. The first is due to the.increase of the resonance
peak sharpness (a decrease of AA) as a consequence of the
increase of the DBR’s reflectivity. The second is originated by
the increase of the diffraction losses. The relation modulation
depth -transmittivity is illustrated in Fig. 7, which shows the
transmission characteristics of the device in the ON and OFF
state for an 80(A,/2ng;)-long cavity with three-period and
four-period DBRs. Intensity attenuation due to the injected
carriers in the ON state ( = 4.35 cm™ ") is observed. Although
the use of a specific configuration may depend on the specific
application, a good tradeoff between modulation depth (80%)

TABLE 1I1
TRANSMISSION CHARACTERISTICS OF THE Si ELECTROOPTIC MODULATOR FOR
A REFRACTIVE-INDEX CHANGE IN THE CAVITY An = —10-3, TEqg OPTICAL
Mobt, Lg; = 160 nm, L., = 150 nm, AND PROBE WAVELENGTH
A, = 1.55 pm: FWHM OF THE RESONANCE PEAK (A}, MODULATION
DEPTH (M), TRANSMITTIVITY (T'), AND dc DiISSIPATED POWER (Pa.) FOR
VARIOUS CAVITY LENGTHS AND NUMBER OF PERIODS OF THE DBRs

Luv (p.m) periOds A}" (nm) M (%) T (%) Pdc (IIW)

5.684 3 1.275 27.6 86.3 7.8
(25A/2ns) 4 0.396 82.3 59.3
3 0.170 93.8 214

) 9.074 3 0.807 50.3 86.3 12.3
(40A,/2ns) 4 - 0.251 89.8 59.3
. 5 0.108 98.4 214

18.117 3 0.408 80.8 86.3 24.5
(80A/2ns:) 4 0.127 91.7 59.3
5 0.055 99.6 214

22.638 3 0.327 86.8 86.3 30.6
(100A/2ns;) 4 0.102 98.5 59.3
5 0.044 99.7 214

and transmittivity (86%) is obtained for a ~ 18 - pm-long
cavity with three-period DBRs, which represents a total device
length of ~ 20 pm. It must be noted the low values of the
electrical power shown in Table IIT as well as the small refrac-
tive-index change in the cavity (0.1%) required to achieve high
modulation depths. ’

The feasibility of producing high-aspect-ratio trenches on
SOI with high verticality has been demonstrated by other
authors [34], [35]. Nevertheless, deviations from the con-
sidered dimensions of the optical structure (length of the
DBRs and cavity) due to fabrication tolerances may affect
the predicted device performance. We estimated the effect of
fabrication errors on the spectral transmittance by calculating
the transmittivity spectra for different length deviations of
the structure using the effective-index method together with
the TMM, and calculating their average. Fig. 8 shows the
calculated spectral transmittivity for the case considered in
Fig. 7 (three-period DBR) for a maximum length deviation of
20 nm (that is, Ls; = 160 & 10 nm, L,y = 150 == 10 nm, and
Leay = 18.097 £ 0.010 gm), 10 nm, and 5 nm. The length
deviation of the DBR and cavity was assumed to be the same
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Fig. 8. Effect of length deviations of the DBR regions and cavity on
the spectral transmittance with respect to the ideal case shown in Fig. 7
(three-period DBR). Maximum deviations (dev) of 20, 10, and 5 nm are
considered. The OFF (An = 0) and oN (An = —1073) states are indicated
by solid and dashed lines, respectively.

and the period of the DBR constant. It is seen that the resonance
peak shape becomes degraded as the length deviation increases.
This is mainly due to the variations of the cavity length, which
shift the resonance wavelength for each length component,
broadening the averaged resonance peak. As a consequence,
the transmitivitty is considerably reduced as compared to the
ideal case (see Fig. 7 for three-period DBR). It is also observed
that high modulation depths can still be achieved (~72% at
1.5508-yum wavelength for a 20-nm-length deviation). Our
simulations showed that if the considered length variations
occur only in the DBR regions, the transmission spectrum is
not significantly affected with respect to the ideal case. '

V. SUMMARY AND CONCLUSION

" We have analyzed the performance of a new planar silicon
EOM based on an F-P microcavity by deep high-index-con-
trast Si/SiQy Bragg reflectors and confinement of free-carrier
plasma dispersion in an SOI rib waveguide. Free-carrier con-
centration change in the cavity region produced by an integrated
lateral p-i-n diode induces a refractive-index change that mod-
ulates the output power at a 1.55-um wavelength. Deep lateral
trenches in the p-i-n/cavity region laterally confine the injected
carriers into the cavity. Deep Si/Si02 DBRs confine longitudi-
nally 1) the free carriers and 2) the optical field into the cavity
region. The device has been analyzed by using electrical and op-
tical models.

Our analysis shows that a distance of Wi, = 8 um between
the cavity lateral trenches permits minimization of a) the dc elec-
trical power and switching time of the device and b) the mode
mismatch between the cavity and the DBRs. Electrical passiva-
tion of the cavity surfaces with thermal SiO3 (S, = S, = 10
cny/s) is predicted to reduce the leakage current due to surface
recombination by 70% as compared with a nonpassivated sur-
face cavity (S, = S, = 10° cm/s), without significantly af-
fecting the inj ecnon carrier concentration as compared with the
case of no surface recombination (S, = S, = 0 cm/s). Diffrac-
tion is found to be the main cause of optical power losses in our
device for An = —1073 in the cavity. Calculations show that
a tradeoff between modulation depth and transm:ttnvtty of the
device must be considered.

A 20-pm-long device with S, =S, = 10% cmys, Woin =
8 um, and electrical contacts acting as heat sinks is predicted
to exhibit ~80% of modulation depth with a transmittivity of
~86% at 1.55-pm operation wavelength by using ~ 25 uW of
electrical power and a drive current density of 116 Al/em? under
dc operation, leading to an increase of the device temperature
< 1072K. The switching speed of this device is calculated to
be ~16 ns for Vox = 0.87 Vand Vorpr = =5V, with no
significant thermooptic effect. To our knowledge, the estimated
dc power consumption for this device is at least one order of
magnitude smaller than the smallest reported (theoretical) value
[20]. These characteristics reveal the benefits of confining both
the optical field and the injection carriers in the cavity region
in order to improve the EOM performance in terms of power
consumption, current density, device length, and modulation
depth. Si CMOS process compatibility makes this device very
promising for low-cost and low-power silicon-based integrated
photonic systems on a chip (PSOC) for low-frequency applica-
tions, such as LANSs, fiber-to-home return links, interconnects,
and sensor systems for chemical and biochemical applications.
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Compact Silicon Tunable Fabry—Pérot Resonator
With Low Power Consumption

C. Angulo Barrios, V. R. Almeida, Student Member, IEEE, R. R. Panepucci, B. S. Schmidt, and
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Abstract—We demonstrate a 20-um-long tunable optical
resonator integrated on a silicon-on-insulator waveguide. The
microresonator consists of a planar Fabry-Pérot microcavity
defined by deep Si/SiOz Bragg reflectors with a high finesse of
11.2. The device is electrically driven and shows a modulation
depth as high as 53% for a power consumption of enly 20 mW.

Index Terms—Bragg reflector, Fabry-Pérot (F-P) cavity, inte-
grated optics, optical modulator, silicon optoelectronics.

I. INTRODUCTION

ILICON-BASED optical tunable (or active) devices, such

as modulators, switches, and variable attenuators working
at 1.3 and 1.55-um fiber-optic communications-wavelengths
are key components for the realization of Si CMOS optoelec-
tronic circuits for applications such as fiber-to-home and local
area networks [1]. Since crystalline Si does not exhibit linear
electro-optic (Pockels) effect, Si active devices use either the
thermooptic effect [2] or the free-carrier plasma dispersion
effect to change the refractive index of Si and to produce a
phase modulation. Typical changes of the refractive index due
to these effects are small (on the order of 10~3). Therefore,
optical structures such as Mach—Zehnder interferometers [3],
directional couplers [4]. and low finesse Fabry-Pérott (F-P)
cavities {2], [5], which transform the phase modulation into an
intensity modulation, require long interaction lengths and high
power consumption in order to achieve significant modulation
depths. These long lengths and high powers are undesirable in
order to achieve high levels of integration..

High finesse microcavities are very attractive for imple-
menting active optical devices in a short length since the
transmission close to their resonance wavelengths is highly
sensitive to small index changes in the cavity [6]. In addition,
since the refractive index variation may be achieved only in the
microcavity region, the modulating power (for either heating
or changing the free carrier concentration) required to produce
the desired phase change can be made very small.

In this letter, we report on the fabrication and characteriza-
tion of a 20-pm-long tunable F-P cavity on silicon-on-insulator
(SOI). The F-P microcavity is defined on a rib waveguide by
deep etched Si/SiO, distributed Bragg reflectors (DBRs). The
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Fig. 1. Planar tunable F-P microcavity with deep Bragg reflectors and a p-i-n
diode integrated on a single-mode SOI rib waveguide.

use of deep DBRs increases significantly the reflectivity of the
mirrors as compared with previous works (2], [5] and, therefore,
the finesse of the cavity. The discussed structure is based on a
p-i-n junction. As we showed theoretically in [6], such a config-
uration is expected to exhibit a very high modulation depth due
to the electro-optic (plasma dispersion) effect. Here, we show
experimentally that surface recombination induces a thermal
modulation mechanism that dominates over the electro-optic ef-
fect. Most of the previously reported modulators based on the
thermooptic effect are usually rather slow and/or require signif-
icant power 